In this review we summarize the latest advances in the understanding of meningioma pathogenesis, and how these new insights can be translated into targeted and more effective chemotherapeutic agents. Classes of various agents discussed in this review include the following: 1) cytotoxic agents resulting in preferential cell death of highly active replicating cells; 2) hormonal agents, which cause modulation of hormonal influences on target tissues; 3) targeted molecular agents serving as antagonists or inhibiting specific receptors or cell signaling molecules to prevent aberrant cell signaling involved in malignant transformation; and 4) angiogenesis inhibitors, which act to limit tumor vascularization commonly seen in meningiomas.
Methods
The PubMed electronic database was searched for all English-language studies pertaining to medical management and chemotherapy for meningiomas within the last 2 decades. A broad search strategy was used, with any combination of the following key words: "meningioma," "chemotherapy," "cell signaling pathways," "medical management," and "neuro-oncology therapy." Additional studies were identified from references in relevant publications that had been found using the primary search strategy. In vitro investigations, animal studies, and human clinical trials were included in the review, and an emphasis was placed on mechanisms of action, clinical efficacy, and adverse effects. A total of 50 studies were included in the review and are summarized below according to general pharmacological classes (see also Fig. 1 and Table 1) , including cytotoxic agents, hormonal agents, targeted-molecule agents, angiogenesis inhibitors, immunomodulator therapy, and combination therapies.
Results

Cytotoxic Agents
Cytotoxic agents preferentially kill cancer cells by taking advantage of their relatively rapid turnover. Numerous conventional cytotoxic agents, such as dacarbazine and adriamycin, have been studied over the years for treatment of meningiomas. Results from these trials have generally been disappointing. 71 Newer agents such as temozolomide (Temodar, Schering-Plough), 11 an alkylating agent, and iri notecan (Camptosar, Pfizer), 10 a topoisomerase inhibitor, have also recently failed to show any significant efficacy. Additional cytotoxic agents, including hydroxyurea, trabectedin, and some plant-derived agents, have recently been tested for their role in the treatment of refractory meningiomas.
Hydroxyurea. Hydroxyurea is an oral ribonucleotide inhibitor that arrests the cell cycle in the S phase and induces apoptosis. 69, 70 Initial enthusiasm for hydroxyurea arose from early trials showing some efficacy in smallscale studies. 43, 44, 50, 67 However, these trials recruited many patients in whom radiotherapy had not failed or in whom radiotherapy was administered concurrently, making the data interpretation somewhat problematic. Larger, more recent studies have also failed to demonstrate significant clinical efficacy. 6, 9 In a recent large-scale trial that included 60 patients, progression of disease occurred in 65% of participants despite hydroxyurea therapy. 9 A follow-up retrospective study of 35 patients with WHO Grade II and Grade III meningiomas showed 57% progression of disease at 6 months. 6 These results suggest that although hydroxyurea is generally well tolerated with limited toxicity, it appears to have very limited activity in tumor control. Investigators are currently looking at the role of hydroxyurea as an adjunct to other therapies, such as radiation or calcium channel blockers. Pilot studies with radiation have shown some promise. 24 Trabectedin. This chemotherapeutic agent, which is already in use for treatment of soft-tissue sarcomas, is believed to work by binding to the minor groove of the DNA helix and inhibiting transcription factor binding. Trabectedin was investigated in a preclinical study published by Preusser et al., 60 which revealed a statistically significant response to treatment of various meningioma cell lines. The group subsequently treated a single, heavily pretreated patient with this chemotherapeutic agent; this 64-year-old patient was reported to have initial relief of his neurological symptoms and aphasia, and MRI revealed reduction of perifocal edema; however, treatment had to be terminated after 5 cycles due to side effects of generalized edema and mucositis.
Plant-Derived Chemotherapeutic Agents.
A handful of preclinical studies have been published in which medications extracted from various plants have been evaluated. Curic et al. 12 described a dose-dependent response of meningioma cell lines exposed to curcumin, an active ingredient of the spice plant Curcuma longa, which is known to have antitumorigenic properties. Park et al. 57 also demonstrated a potent cytotoxic effect of acetyl-11-keto-beta-boswellic acid, a naturally occurring substance isolated from the gum resin of Boswellia serrata (frankincense) trees, on 11 primary cell lines derived from human meningioma resections. This class of boswellic acid drugs are believed to work by inhibition of microsomal prostaglandin E synthase-1 and the serine protease cathepsin G. 1 
Hormonal Agents
Estrogen and Progesterone Receptor Antagonists. Various hormone therapies have been investigated for the treatment of meningiomas based on the finding that these tumors commonly express androgen-derivative receptors.
Progesterone antagonists were initially considered promising agents, given the fact that up to two-thirds of meningiomas express the progesterone receptor. Megestrol acetate (Megace) was one of the first drugs to be investigated, but did not show a significant clinical response in a small prospective clinical trial. 20 Mifepristone (RU-486), a progesterone receptor antagonist, generated some excitement when early small-scale studies suggested a potential therapeutic benefit, but this was largely refuted by a multicenter randomized Phase III clinical trial in which 180 patients were enrolled, which failed to show any major clinical benefit. 19, 21 A major limitation of this study, aside from a small sample size and heterogeneous pretrial treatment histories (that is, prior surgery, radiosurgery, and so on), was that progesterone receptor expression is often not retained in the setting of tumor progression and malignant transformation of meningiomas, and most patients recruited in this trial had more aggressive meningioma subtypes. 79 Tamoxifen, an estrogen receptor antagonist, was also investigated as a possible candidate drug. A Phase II study including 19 patients, however, only showed a partial or minor response in 3 of the study participants. 17 Given that only 10% of meningiomas express estrogen receptors, this finding was somewhat unsurprising.
Growth Hormone and Insulin-Like Growth Factor-I and -II. The observation that growth hormone (GH) receptors are ubiquitously expressed in meningioma cells, and that inhibition of GH receptors in vitro results in decreased meningioma cell proliferation, 14 has generated some interest in this line of therapy. Growth hormone is secreted into the bloodstream by the pituitary gland, and subsequently induces the production of insulin-like growth factor-I (IGF-I) from the liver. Together, these hormones influence many aspects of normal growth and metabolism. Pegvisomant, a pegylated GH analog, is a competitive inhibitor of the GH receptor. McCutcheon et al. 46 used this analog in an in vivo animal study in which human meningioma xenografts were implanted into mice. The investigators observed significantly reduced growth in specimens treated with pegvisomant. They concluded that the effects of pegvisomant were mediated via 2 processes: 1) direct blockade of the GH receptor, and 2) indirect downregulation of IGF-I serum concentrations. Similarly, Puduvalli et al. 62 recently demonstrated increased induction of apoptosis in meningioma cell cultures exposed to fenretinide, a synthetic retinoid that, among other effects, is known to inhibit IGF-I-induced proliferation.
Insulin-like growth factor-II is another growth-promoting hormone that similarly acts on the IGF-I receptor. Several studies based on human cell cultures have demonstrated that the invasiveness of meningiomas is correlated to levels of IGF-II expression. 53, 54, 77 It remains unclear, however, whether manipulation of these IGF pathways can inhibit or reverse meningioma progression.
Somatostatin. Somatostatins are a family of cyclopeptides that act on a wide range of physiological processes, including inhibition of endocrine factor release and inhibition of cell proliferation. Meningiomas are known to have a high frequency of somatostatin receptors, 8 in particular the sst2A subtype. In the largest trial of somatostatin use in meningiomas, 16 patients were treated with a long-acting somatostatin (Sandostatin LAR), and a partial response was achieved in one-third of patients. 8 Another one-third of patients in this trial had stable disease, and the final one-third showed clinical progression. The authors suggested that octreotide scintigraphy can be used as an imaging modality to identify patients with meningiomas that express somatostatin receptors, conferring a higher likelihood of responding to somatostatin treatment. Pasireotide, a long-acting somatostatin analog administered via an intramuscular route, has a wider somatostatin receptor spectrum and is currently undergoing 51 No radiographic responses were observed so far, however.
Targeted Molecule Chemotherapeutic Agents
Cytogenetics and Tumor Suppressor Proteins. Understanding the underlying genetics of meningioma tumorigenesis and transformation remains a top priority for investigators, because it is generally hoped that specific and novel targets for therapeutic intervention will be discovered. To this end, a family of membrane-bound proteins known as the Band 4.1 family has been discovered on the cytoplasmic side of the cell membrane, and may play a key role in meningioma development. 23, 58 These proteins link membrane-bound structures to the cellular cytoskeleton and are thought to be involved with cell structure, but also may regulate cell proliferation. Genetic mutations that lead to abnormal function of these proteins are believed to be one of the main causes for meningioma development.
Merlin. Inactivation of the tumor suppressor gene Neurofibromatosis 2 (NF-2) via loss of heterozygosity of chromosome 22q12.2, is found in 60% of all meningiomas. 13 Inactivation of this gene leads to a deficiency of merlin (sometimes alternatively referred to as "schwannomin"), which is a member of the ERM (ezrin-radixinmoesin) family of proteins 72 and the Band 4.1 superfamily of proteins. 65 The functions of merlin are not well understood, but it is believed that they involve regulation of cell proliferation pathways. 72 Expression of NF-2 and merlin inactivation varies among WHO Grade I meningioma subtypes. 41, 65 For instance, 70%-80% of fibroblastic and transitional meningiomas possess the mutation, whereas only 25% of meningoepithelial and 1% of secretory meningiomas have the mutation, possibly suggesting alternative tumorigenesis pathways among these subtypes. 4 Similarly, only 40% of sporadic meningiomas possess the NF-2 mutation. 65 On the other hand, within subtypes in which the mutation does occur, there appears to be no major variation in frequency among the different tumor grades, 3 suggesting that this alteration is more likely to be involved with meningioma initiation rather than malignant transformation. 78 Although this observation initially invited skepticism that manipulation of the merlin function would have any practical benefits for patients with already established meningiomas, more recent literature now suggests that merlin may continue to play a prominent role in meningioma propagation. The intracellular functions of the merlin protein are slowly being elucidated. Although Stamenkovic 40 linked merlin function to inhibition of transactivation-responsive RNA-binding protein, a double-stranded RNA-binding protein involved in tumorigenesis and cell proliferation in NF-2 mouse models. More significantly, James et al. 27 recently published their observation that merlin may play a role in regulation of the mammalian target of rapamycin complex 2 (mTORC2), a protein complex that modulates the effect of the Akt protein within the phosphoinositide 3-kinase [PI3K]-Akt-mTORC1 pathway, which is explained in more detail below.
Protein 4.1B. Another 4.1 family protein believed to have tumor suppression properties is protein 4.1B, which is encoded by the DAL-1 gene. Gutmann et al. have shown that loss of protein 4.1B appears to be equally distributed among the meningioma grades, again suggesting an early event in the formation of meningiomas. 23, 58 It has been observed, however, that transgenic mice lacking DAL-1 do not develop tumors, suggesting that the mutation is primarily involved with progression of disease rather than initiation. 23 Downstream effects of protein 4.1B include activation of a JNK (c-Jun-NH2-kinase) protein, which results in reduced cell growth via decreased cyclin A expression and phosphorylation of the retinoblastoma protein. 16 Protein 4.1B has been shown to interact with the cell growth regulator protein 14-3-3. Although aggressive meningiomas show reduced levels of 14-3-3 expression, impaired 14-3-3 function has not been shown to affect protein 4.1B function, suggesting that alternative signaling pathways are present. 45 
Growth Factor Receptor and Downstream Signaling Pathway Inhibitors.
A wide variety of growth factors and cytokines have been implicated in the formation and propagation of meningiomas. These include platelet-derived growth factor (PDGF), epidermal growth factor (EGF), transforming growth factors a and b (TGFa and TGFb), stromal cell-derived growth factor b, and bone morphogenetic proteins. 65 Models describing the aberrant cell signaling cascades that occur with meningioma initiation and growth are gradually emerging. It is becoming increasingly apparent that PDGF and EGF play vital roles in the activation of these cascades. Both of these growth factors have been associated with activation of 2 main antiapoptotic cell signaling pathways (Ras/mitogen-activated protein kinase [MAPK] and PI3K-Akt) and 1 secondary pathway (phospholipase C-gamma1-protein kinase C [PLC-g1-PKC]).
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Conceptually, targets for therapeutic agents can be broken down into the following categories: inhibitors of growth factor receptors and inhibitors of downstream signaling molecules involved in the activation cascades. The Ras/MAPK Pathway. The binding of PDGF and/ or EGF to their respective receptors induces receptor dimerization and subsequent activation of tyrosine kinases. 30 This causes autophosphorylation of tyrosine residues on the cytoplasmic side of the receptor. These residues can then bind to the proteins Grb2 and Sos, bringing them in close proximity with the cell membrane. This causes activation of Ras, which in turn activates downstream Raf, MEK-1, and ERK, eventually leading to phosphorylation and activation of various transcription factors within the nucleus. Inhibition of this pathway with selective MEK-1 inhibitors has shown diminished MAPK activity and associated inhibition in meningioma cell cultures. 32 Farnesyl transferase inhibitors, a class of chemotherapeutic agents that work by blocking farnesyl transferase and thereby inhibiting Ras localization and activation to the cytoplasmic surface of the receptor, are currently under investigation for a variety of hematological and solid tumors. These may hold promise for meningioma treatment as well, although several monotherapy trials using tipifarnib (Zarnestra) in gliomas have been disappointing to date. 47 RNA interference technology has also been used in an attempt to modulate this pathway. Tummalapalli et al. 76 used a plasmid vector to transfect meningioma cells in vitro and in vivo with complementary doublestranded RNA to cathepsin B and matrix metalloproteinase-9 mRNA. This resulted in decreased expression of these enzymes and significantly reduced activity of both MAPK and PI3K pathways, in addition to reducing meningioma migration and invasiveness. This anticancer technique holds much promise in the future therapy of meningioma treatment, especially if and when effective molecular targets are identified.
Statin drugs, currently in widespread use for cholesterol control, have also been studied as potential agents for meningioma treatment. These drugs have pleiotropic properties, one of which is inhibition of the MAPK pathway. Results thus far are derived from in vitro studies only, and show favorable results. 15, 33 Tichomirowa et al. 73 recently published an in vitro study in which an entirely novel strategy of inducing apoptosis in meningioma cells via inhibition of Toll-like receptor 4 with paclitaxel was used. The meningioma cell cultures used in this experiment exhibited dose-and time-dependent growth suppression following paclitaxel treatment, which was further amplified following addition of a statin medication.
The PI3K-Akt-mTORC1 Pathway. The PI3K pathway is the second, parallel pathway by which meningioma induction and propagation via growth factor influences are mediated. The PDGF and/or EGF bind to their respective receptors, resulting in allosteric activation of a catalytic unit on the cytoplasmic side of the receptor, inducing autophosphorylation. 30 This initiates an activation cascade of nearby adaptor proteins that results in activation of PI3K protein via its p110 subunit. The PI3K goes on to catalyze the conversion of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to PIP 3,4,5-trisphosphate (PIP 3 ), a reaction that is controlled and inhibited by PTEN (phosphatase and tensin homolog on chromosome 10). 30, 83 With aid of the mTORC2, PIP 3 activates Akt protein. In turn, Akt initiates several downstream processes, one of which is activation of mTOR, an atypical serine/threonine (S/T) protein kinase, which subsequently acts as a catalyst for formation of the mTORC1. 83 The mTORC1 acts as a "master switch" for regulation of cell growth and proliferation.
The mTOR Inhibitors. The mTOR inhibitors are presently being investigated in numerous tumor types, including intracranial malignancies such as glioblastoma multiforme. A few preclinical trials have been published with regard to meningioma specifically. Pachow et al. 56 recently published a study demonstrating significant reductions in meningioma cell growth in mouse models treated with the mTOR inhibitor drugs temsirolimus and everolimus.
The PLC-g1-PKC Pathway. This third pathway appears to be associated with cross-activation of both the MAPK and PI3K pathways, and therefore presents a third potential target for intervention. Mediators of this pathway go on to activate the MAPK and PI3K pathways simultaneously. 30 The presence of this third pathway suggests that significant cross-talk occurs between each signaling cascade, and combinations of multiple inhibitors will probably be needed to achieve significant effects.
The PDGF Inhibitors. The PDGF receptors (PDGFRs) are abundantly expressed on meningioma cells, and it is believed that PDGF stimulates meningioma proliferation via autocrine and paracrine mechanisms. 71 Receptor expression levels have also been associated with histological tumor grade. 81 The PDGF promotes meningioma growth mainly via aberrant signaling of one of the two kinase cascades presented above. Imatinib mesylate, a chemotherapeutic agent already in use for the treatment of leukemias and gastrointestinal stromal tumors, is a potent inhibitor of the PDGFR and has been proposed as a possible therapeutic agent. Two Phase II trials have been conducted looking at the use of imatinib alone 80 and in conjunction with hydroxyurea, 66 enrolling 23 and 21 patients, respectively. Both trials had single arms.
In the monotherapy study conducted by the North American Brain Tumor Consortium (NABTC), response to therapy was evaluated in 19 patients. 80 Of these 19 patients, 10 had progression of disease and 9 had stable disease. No patient demonstrated disease regression. In the subsequent Phase II trial involving both imatinib and hydroxyurea, no patient achieved either complete or partial response, and 14 patients achieved disease stability. 66 Horak et al. 26 recently published a retrospective study looking at the role of imatinib treatment on progressionfree survival in patients with meningioma. Of the 18 patients in their study, 9 received imatinib based on PDGFR positivity; of those 9, 7 had stable disease and 2 showed disease progression at the time of their first 3-month follow-up imaging. Although no complete or partial responses were observed, a 66.7% progression-free survival rate was achieved at 6 months in their treatment cohort, along with a median progression-free survival time of 16 months. No survival data were reported for the non-imatinib treated cohort.
Taking the results of the above studies into account, it appears that imatinib may play a role in disease stabilization in selected meningioma subtypes; however, no demonstrable data exist that show disease regression in patients treated with imatinib. Gupta et al. 22 published a preclinical study showing that the addition of nelfinavir, an antiretroviral drug, to imatinib therapy can potentiate its efficacy. Similarly, Johnson et al. 31 published their preclinical experiment, which showed reduced meningioma growth in cell lines exposed to lopinavir, another antiretroviral drug. Second-generation PDGF inhibitors such as nilotinib or dasatinib that have since been developed and are thought to be more potent inhibitors have not been tested on meningioma cells.
The EGF Inhibitors. The EGF receptors (EGFRs) are overexpressed in up to 60% of meningiomas, 5, 34 and can be activated by both EGF and tumor necrosis factor-a, both of which are present in CSF. As with PDGF, these receptors are also believed to activate the MAPK and PI3K pathways. This activation has been shown to stimulate meningioma cell proliferation in vitro. 30 Gefitinib and erlotinib, two EGFR inhibitors, were recently investigated based on these findings.
52 Twenty-five patients with recurrent meningiomas were treated with either gefitinib (64%) or erlotinib (36%); 12-month follow-up data did not appear to show a significant survival benefit. Humanized monoclonal antibodies to the EGFR, including cetuximab, panitumumab, matuzumab, and nimotuzumab, are being investigated, and may prove to be more efficacious than first-generation EGFR inhibitors.
Activation of the SMAD Pathway by TGFβ. Investigators have demonstrated that in vitro inhibition of cell growth and proliferation can be achieved by activation of the SMAD pathway using TGFb. 30 A variety of TGF subtypes are constitutively present in CSF, and probably play a chronic inhibitory role in the development of meningiomas. This theory has also been borne out in studies involving low-grade astrocytomas and benign intestinal adenomas. 30 In both of these instances, however, with progressive dedifferentiation of malignant cells, this inhibitory affect eventually "switches" to instead promote rapid cell proliferation. Elucidating the causes of this switch may present yet another target for meningioma therapy.
Calcium Channel Blockers. As described above, cellsignaling pathways of many tumorigenic factors are mediated by protein cascades that are highly dependent on high levels of cytoplasmic calcium concentrations for activity. This finding has led to some interest in assessing the efficacy of calcium channel blockers for the inhibition of meningioma growth. Various mechanisms have been proposed for how these drugs specifically affect cell signaling. A leading theory hypothesizes that modulation or inhibition of inositol phosphate-3, an intracellular messenger necessary for calcium release from internal stores, causes decreased proliferative activity. 28, 74 Therefore, investigators have looked into the benefit of adding calcium channel blockers, such as verapamil or diltiazem, to treatment with hydroxyurea or mifepristone. 29, 64 These in vitro and xenografted in vivo studies showed a dose-dependent decrease in malignant cell population and tumor size with the addition of calcium channel blockers. Human clinical trials were subsequently proposed. 63 
Angiogenesis Inhibition
Vascular Endothelial Growth Factor. Because meningiomas are often particularly vascular tumors, the use of preoperative endovascular embolization has become common for a subset of meningiomas, or when significant intraoperative bleeding is anticipated. Vascular endothelial growth factor (VEGF) has been implicated as a major mediator of aberrant angiogenesis in these tumors. 39 Levels of VEGF expression have been associated with meningioma grade and also with the degree of peritumoral brain edema. 48, 61 Bevacizumab (Avastin), a humanized monoclonal antibody direct VEGF inhibitor, has been investigated as a possible therapeutic agent that could halt or reverse tumor-related angiogenesis. Several small-scale retrospective studies have been published, with mixed results, 42, 49, 55 and there is a need for larger Phase II trials. The VEGF has also been shown to crossactivate other growth factor pathways, 59 an observation that seems to be a recurring theme with new advances in understanding of cell signaling in meningiomas.
Other Antiangiogenic Agents. Additional candidates for antiangiogenic therapy include TNP-470, a synthetic analog of fumagillin, 82 Endothelin-A receptor antagonists, 25 and verotoxin, an antineoplastic agent that targets glycolipids on tumor cells. 68 
Immunomodulator Therapy
Interferon-α 2B. Interferon-a is a leukocyte-produced cytokine that has been shown to have antiproliferative, immunomodulatory, and antiangiogenic properties in meningiomas. 35, 38 The most extensive Phase II study to date was published by Chamberlain and Glantz. 7 They enrolled 35 patients for treatment with IFNa therapy. Although the patients did not demonstrate significant toxicity, none of them experienced complete or partial responses; 26 patients (74%) had stable disease for at least 12 weeks, and the median overall survival was 8 months. Given the lack of control data, it remains unclear how efficacious IFNa may be in treating patients with refractory meningioma. Furthermore, with a median survival of only 8 months, it is possible that this was a group selected for patients with a particularly poor prognosis.
Programmed Cell Death. Some of the latest advances in oncology are within the immunomodulator class. Programmed death-1 (PD-1) and its ligands (PD-L1 and PD-L2) have been shown to be upregulated by various types of cancer cells. 75 This receptor-ligand system acts by downregulating the immune system's innate antitumor control mechanisms. Preliminary translational studies are currently underway for various cancer types. Meningioma research, however, remains lacking in this field.
Combination Therapy
Due to the extent of cross-activation and interdependence of the signaling pathways discussed above, it is more likely that effective chemotherapy will require simultaneous inhibition of several mediators at once. This may account for the disappointing outcomes of some of the monotherapy trials described above, despite promising preclinical results. Some investigators have looked into inhibition of multiple targets of aberrant signaling. For example, vatalanib (PTK787) was developed as a dual inhibitor of VEGF and PDGF. In a Phase II trial, 21 patients with Grade II and III meningiomas were treated with vatalanib. 18 Only 1 patient showed a partial response, 12 remained stable, and 5 had tumor progression. Similarly, sunitinib (Sutent), a tyrosine kinase inhibitor that targets both VEGF and PDGF, was tested in a Phase II trial, resulting in 6-month progression-free survival in 36% of participants and a median progression-free survival of 5.1 months.
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Conclusions
Our understanding of meningioma cell biology has progressed significantly in recent years, and has facilitated the development of various targeted therapies that hold promise for adjuvant intervention in patients with refractory and high-grade meningiomas. Further clinical investigations are needed to determine the efficacy and adverse event profiles of many of these novel agents. Of particular interest are combination therapies that affect multiple pathways, because it appears that the transformation to malignancy is mediated by numerous processes interacting via a complex matrix of signals. Deciphering this complexity will help confer more precise therapies in patients with various subsets of meningiomas requiring medical intervention.
